In the field of 3D measurement, digital fringe projection (DFP) techniques have become a hotspot of research and application due to its non-contact, low cost and high resolution characteristics, but the gamma effect caused by projector seriously affects the 3D measurement quality of DFP techniques. This paper presents a Tabu Search optimization algorithm to generate high-quality binary patterns, which are projected and defocused to obtain the wrap phase, which can avoid the influence of gamma effect on phase quality. Secondly, in order to solve the problem that it is difficult to maintain the degree of defocus, a defocus adaptive optimization system is built. Finally, in order to reduce the influence of projector defocus on Gray code phase unwrapping, a combined Gray code method is proposed, which can accurately unwrap the wrap phase and reduce the interference of the color of object on phase unwrapping. The experimental results show that the proposed method improves the 3D measurement results of DFP techniques and improves the robustness.
I. INTRODUCTION
With the rapid development of technologies such as 3D vision and virtual reality, it is more and more important to accurately reconstruct three-dimensional (3D) shape of objects. Among the methods of three-dimensional measurement, optical methods are commonly used due to their non-contact properties. Among them, digital fringe projection (DFP) techniques [1] , [2] are popular for their low cost and flexibility. A DFP system uses a computer to generate sinusoidal fringe patterns that are projected on to an object by a projector. A camera captures the fringe patterns distorted by the object surface geometry, and a phase analysis algorithm is used to reconstruct a three-dimensional (3D) shape. The phase accuracy will directly affect the 3D reconstruction result of the measured object.
The phase error caused by the gamma effect of the projector seriously affects the three-dimensional measurement quality of the digital fringe projection technology [3] . The gamma effect refers to the distortion of the gray value of the projector. In order to satisfy the inaccurate perception of light by the The associate editor coordinating the review of this manuscript and approving it for publication was Wen Chen . human eye, the projector will distort the gray value of the real image. This can cause the pixel value of the sinusoidal picture projected by the projector to be distorted, resulting in a lower accuracy of the digital projection 3D reconstruction result. And the squared binary defocusing technique [4] perfectly avoids the influence of the gamma effect and shows a huge potential. The binary defocusing technique refers to replacing the sinusoidal fringe pattern with a binary structured pattern and obtaining a defocused binary pattern in a defocused manner, and the defocused binary patterns has a similar effect to the sinusoidal fringe patterns.
Although the binary defocusing technique solves the phase error problem caused by the gamma effect. However, its measurement quality is not as high as the DFP technique due to the influences of high-frequency harmonics, normal binary pattern which will produce significant phase error. Song proposed a square binary defocusing method (SBM) [5] to generate a squared binary pattern, and SBM generates sinusoidal fringe patterns by appropriately defocusing the squared binary patterns, but the smaller depth measurement range and error caused by higher harmonic limit its role. If there is no proper degree of defocus and error compensation, its phase error will be very significant [6] . Ayubi et al. proposed the optimal pulse width modulation (OPWM) technique [7] could substantially enhance the binary defocusing technique when fringe stripes are narrow. OPWM technique selectively removes unwanted frequency components by inserting different types of grooves into a conventional binary square wave. The effect of higher harmonics is reduced. However, when fringe stripes are wide, OPWM technique has limited improvement due to the fact that OPWM technique is limited to one dimension and the structural pattern two-dimensional information cannot be fully utilized. Wang et al. used halftone techniques to enhance 3D measurement quality when fringe stripes are wide binary pattern [8] , [9] . The halftone techniques simply converts an 8 bit grayscale image to a 1bit binary pattern by applying a single matrix, ignoring the inherent image structures, since the pattern required for DFP techniques have sinusoidal structures, There is still much room for improvement on the basis of halftone techniques.
DFP techniques usually require three or more fringe patterns to obtain the wrap phase. The wrap phase calculated by the phase shift method is clamped between [−π, +π]. Accurately unwrapping the wrap phase is the core problem of DFP techniques. Sansoni et al. use the Gray code method to phase unwrapping [10] , [11] , and the Gray code method uses time phase unwrapping because each code-word changes only one bit difference, reducing the decoded error rate. However, the Gray code method is disturbed by ambient light and object color, resulting in inaccurate phase unwrapping. In addition, the Gray code method will be affected by the binary defocusing technique, and the defocused Gray code pattern is difficult to assist the phase shift method to accurately phase out.
Zheng and Da proposed a phase encoding method to assist phase unwrapping [12] to solve the problem that the Gray code pattern is disturbed by ambient light and object color. By embedding the code-word in the code phase and using the phase instead of the intensity to determine the codeword, the influence of the environment and the color of the object can be better avoided, and the phase can be accurately unfolded. However, this method has a contradiction in the number of code-words and the wavelength of sinusoidal fringes. In addition, this method cannot avoid the effect of binary defocusing on phase unwrapping. Chen et al. proposed a quantized phase encoding method [13] . By generating more than 36 different 3-bit codes, the contradiction between the number of code-words and the sinusoidal fringe wavelength can be avoided, but the method cannot avoid the effect of phase unwrapping caused by binary defocusing technique.
In order to improve the three-dimensional measurement quality of DFP techniques, this paper improves in the following two aspects: (1) this paper proposes a Tabu Search algorithm to optimize the dithering technique to generate better sinusoids. The algorithm starts with the dithered patterns using the error-diffusion algorithm, the distribution of the binary pattern is optimized, and the difference between the defocused binary patterns and the ideal sinusoidal stripe patterns is reduced. Then, the optimized binary pattern is projected by the projector and defocused to obtain the wrap phase, which can avoid the phase error caused by the gamma effect and improve the three-dimensional measurement quality of the DFP techniques. In order to obtain the optimal binary patterns for any degree of defocus, a defocus adaptive optimization system was built. (2) In order to reduce the influence of the binary defocusing technique on the phase unwrapping, we propose a combined Gray code method to unwrap the phase. The method can not only better match the phase unwrapping of the binary defocusing technology, avoid the influence of defocus on the phase unwrapping, but also reduce the sensitivity of the Gray code method to the color of the object, and improve the robustness of DFP techniques.
II. RELATED WORK A. METHODS FOR GENERATING BINARY PATTERNS
Error-diffusion technique: The quality of the binary patterns is a key part of DFP techniques. Wang et al. apply the error-diffusion technique to the generation of binary patterns [14] . Among all existing halftone techniques, the errordiffusion technique is a relatively common algorithm with better halftone effect. The basic idea is to represent multiple grayscale images with a small number of gray levels. First, quantize the image pixels according to a certain scan path and by applying the diffusion kernel h(x,y), and then spread the quantization error to unprocessed pixels in a certain way. In this algorithm, neighborhood processing is required, which provides a higher halftone quality, produces a halftone image with rich tones, and has an anisotropic distribution of pixel points.
Although the error-diffusion technique utilizes quantization error, it has a better halftone effect than the Bayer dithering algorithm [8] . However, it simply changes the grayscale patterns into 1-bit binary patterns by applying a single matrix, ignoring the inherent image structures. Since the required fringe patterns have sinusoidal structures, there should be great room for drastically improving their quality. However, the Tabu search algorithm we designed is based on the errordiffusion technique. The heuristic tabu search algorithm is used to further optimize the distribution of the binary patterns, which reduces the difference in strength and structure between the defocused binary patterns and the ideal sinusoidal patterns, Thereby improving the quality of the threedimensional measurement of DFP techniques.
B. THE PHASE UNWRAPPING METHOD
Gray code phase unwrapping method: Phase unwrapping is a key part of DFP techniques, and whether the wrap phase can be accurately unwrapped is the core of the threedimensional measurement. Sansoni et al. used Gray code [10] , [11] method to unwrap phase. The Gray code method refers to establishing and encoding a code-words corresponding to phase periods, and obtaining period values of the wrapped phase by decoding the Gray code patterns, thereby completing phase unwrapping. The Gray code method cannot accurately unwrap phase due to color superposition when the ambient light changes greatly or when measuring colored objects, which affects the quality of 3D measurement and reduces the robustness of DFP techniques. In this paper, the characteristics of the phase insensitive to ambient light and object color are used, and the combined Gray code is used instead of the normal Gray code to avoid the interference of ambient light and object color during phase unwrapping, and accurately unwrap the wrap phase.
Phase-encoding phase unwrapping method: Chen et al. used phase encoding [12] , [13] method to unwrap phase. Phase encoding method refers to the use of phase rather than intensity to determine the code-word by embedding the codeword in the encoded phase. Goodly avoid the influence of the color of the objects, and accurately unwrap the phase. However, this method cannot coexist with the binary defocusing technique, and the defocus of the projector will affect the phase encoding, resulting in the inability to accurately unwrap the phase. The combined Gray code method used in this paper distinguishes the ''1'' and ''0'' of the Gray code by the pixel-by-pixel contrast size instead of the simple threshold, which not only avoids the influence of defocus on the phase unwrapping, but also avoids the interference of the color of objects. Fig. 1 shows the technical route of the three-dimensional measurement method based on Tabu Search and combined Gray code proposed in this paper. Firstly, a Tabu Search optimized algorithm was proposed in this paper. The main purpose is to generate high quality binary patterns and reduce the phase difference between the defocused binary patterns and the ideal sinusoidal fringe patterns. Improve the results of 3D measurement, the details will be introduced in section 3.1. The second is to propose a combined Gray code phase unwrapping method, which can avoid the influence of binary defocusing technology and the color of objects, and accurately unwrap the phase. The details will be introduced in section 3.2.
III. METHOD

A. BINARY PATTERN OPTIMIZATION ALGORITHM BASED ON TABU SEARCH
The quality of the binary patterns is a core issue of the binary defocusing technique. At present, the main generation methods of binary patterns are Bayer dithering technique [8] and error-diffusion technique [14] , but these two methods only apply the matrix to the sinusoidal patterns, and do not utilize the inherent structures of the grayscale images, so they are not the best. This paper proposes a binary pattern optimization algorithm based on Tabu Search. The Tabu Search algorithm [15] is a heuristic random search algorithm. In this paper, we use the global search ability of Tabu Search, and start from an initial binary pattern, generate a set of neighborhoods of binary patterns according to bit conversion, and select the binary patterns with the most change of the objective function to iterate. In order to avoid falling into the local optimal solution, the algorithm adopts a flexible ''memory'' technology to record and select the optimization process that has been carried out to guide the next iteration direction. Because the heuristic optimization algorithm has better performance for the initial solution with better quality, the Tabu Search algorithm designed in this paper uses the binary patterns generated by the error-diffusion technique as the initial binary patterns. Fig. 2 shows the flow of the algorithm.
1) ERROR-DIFFUSION TECHNIQUE
The image pixels are quantized to a certain scan path by using the error-diffusion technique. Now, the diffusion kernel h(x,y) is employed to diffuse the quantization error to unprocessed pixels in a certain way. The process of an input pixel adaptation could be described with the following equation:
where, f(i,j) is the original image, andf(i, j) is the obtained image after error-diffusion. The quantization error e(i, j) = f(i, j) − f(i, j) is transmitted to the unprocessed pixel through an appropriate error kernel. In this paper, the error kernel proposed by Floyed-Steinberg [16] is chosen.
2) EVALUATION FUNCTION
The Tabu Search optimization algorithm is adopted to improve the quality of binary patterns. The quality of binary patterns could be significantly improved by reducing the phase difference between the defocused binary patterns and the ideal sinusoidal fringe ones. The mean square error between the defocused binary patterns and the desired sinusoidal patterns is selected as a criterion for quality evaluation of the binary patterns. This criterion is also considered as the cost function of the algorithm. The mean square error (R mse ) is described with the following relation
Here, i, j refers to the coordinate index of the pixel,R refers to an ideal sinusoidal pattern, which refers to a sinusoidal pattern that is projected onto the surface of the object without being affected by the gamma effect. R refers to the defocused binary pattern, d is the difference of the pixel values between the ideal sinusoidal patterns and the defocused binary patterns, m, n refers to the length and width of the image, and R mse is the mean square error between R andR, that is the evaluation value of R.
3) GENERATING THE NEIGHBORHOOD SET OF BINARY PATTERNS
The algorithm starts with a better quality binary pattern. Since the Tabu Search algorithm has a faster optimization speed and better performance for the better quality initial binary pattern, we use the binary pattern generated by the error-diffusion technique as the initial binary pattern. The algorithm uses a bit conversion method to obtain new binary patterns. Bit conversion refers to inverting the pixel value in a random pixel region (the size of the pixel region is generally small, and the large region size is likely to cause the algorithm to not converge) to Generate a new binary pattern. And the bit conversion formula is as shown in (4).
Here, R (i, j) refers to the pixel value of the binary pattern, and ∼ refers to the inverse operation, such as changing the pixel value of the binary pattern from 1 to 0, or from 0 to 1. i,j is the pixel coordinate index of the binary pattern, and w is the area of the selected binary pattern, the specific size of w is limited to [1]- [10] and is randomly selected. A too large w will cause the algorithm to not converge, too small w will cause slow convergence, and random selection will increase the randomness of the algorithm. Fig. 3 and Fig. 4 show examples of single bit conversion and multiple bit conversions. Figure 3 In each iteration period, we use the formula (4) to generate several new binary patterns based on the current binary pattern Rc to form a set of binary patterns, which is called a neighborhood set Ra of binary patterns. In order not to lose the high quality binary patterns, the current binary pattern is also included in the set of neighborhoods of the binary patterns. The set of neighborhoods of the binary patterns is generated in order to explore the direction of optimization on the basis of the current binary pattern. In theory, the larger the neighborhood of the binary pattern is, the more the search direction of the algorithm is, the more difficult it is to fall into locally optimal, but will also reduce the speed of optimization.
4) GENERATING THE CANDIDATE SET OF BINARY PATTERNS
A plurality of binary patterns with better quality in the neighborhood set of the binary patterns are selected to form a new set of binary patterns, which is called candidate set Rs. We classify the binary patterns in the neighborhood set of according to the evaluation function value of the binary patterns, and select several high-quality binary patterns to form the candidate set of the binary patterns, and select the formula such as (5) . This step aims to eliminate the poor quality binary patterns, and the size of the candidate set and the algorithm are caught in the local optimal correlation. The smaller the number of selected binary patterns, the easier it is to fall into the local optimum.
Here, Rs refers to the binary pattern candidate set, R refers to a binary pattern, m, n are the length and width of the pattern, i, j is the coordinate index of the pattern, and d is the pixel difference between ideal sinusoidal pattern and defocused binary pattern. F(R) refer to the evaluation value of the binary pattern, and min_n refers to the selection of n binary patterns with low evaluation values.
5) ITERATIVE METHODS AND ASPIRATION CRITERION FOR NEW BINARY PATTERNS
The best-quality and non-constrained binary pattern in the candidate set of binary patterns is selected as the next current binary pattern. This step is to select a best quality binary pattern from the binary pattern candidate set, but it needs to meet the condition: non-taboo. Taboo means that if a binary pattern is selected as the current binary pattern, then the coordinate index that was changed when it was generated will be added to the taboo list. During the contraindication period, the new binary pattern generated by changing this coordinate will be contraindicated, that is, it will be ignored when selecting the next generation current binary pattern. The taboo list L is designed to reduce the probability that the algorithm falls into local optimum. The selection process is as in formula (6).
Here, R c is the selected binary pattern, R is a binary pattern, m, n is the length and width of the pattern, i, j is the coordinate index of the pattern, y is the ideal sinusoidal pattern, andȳ is the defocus Binary pattern, F(R) refers to the evaluation value of the binary pattern, d is the pixel difference between the ideal sinusoidal pattern and the defocused binary pattern, Rs refers to the binary pattern neighborhood set, L refers the taboo list, min is a function that gets the smallest pattern from Rs. In order to preserve the best quality binary pattern in the optimization process, the algorithm maintains variable Ro of the optimal binary pattern, and the current binary pattern of each period is compared with the optimal binary pattern. The quality of the binary pattern is better than the optimal binary pattern, and the optimal binary pattern will be replaced, which means that the algorithm finds the direction of optimization.
In order not to lose the excellent binary pattern, the algorithm also designed another criterion: aspiration criterion (AC). The aspiration criterion is that when the quality of a binary pattern is far superior to the optimal binary pattern, even if the binary pattern is contraindicated, it will be selected as the current binary pattern, and the taboo list is updated.
6) TERMINATION CONDITIONS
We use two strategies to terminate the optimization algorithm. When the algorithm satisfies one of the following two conditions, it will be terminated: First, when the number of iterations of the algorithm σ reaches the maximum σ _max, the specific value depends on the situation. The larger the value, the better the quality of the binary pattern obtained by the optimization algorithm. However, when the number of iterations is already large, increasing the number of iterations does not result in significantly better results. The second is that the number ε of consecutive non-updated patterns of the optimal binary pattern reaches the maximum ε_max, which means that on the basis of the current binary pattern, the algorithm exploration has not found a direction that makes the quality of the binary pattern better. The maximum number of consecutively un-updated optimal binary patterns cannot be set too small, which tends to cause the algorithm to fall into local optimum.
B. PHASE UNWRAPPING METHOD BASED ON THE COMBINED GRAY CODE
In order to avoid the influence of binary defocusing technology and the color of object on phase unwrapping, a phase unwrapping method is proposed in this paper. Fig. 4 shows a sequence of combined Gray code pictures, represented by two shades of gray. The combined Gray code method utilizes the phase is insensitive to the color of the object, avoiding the effects of defocus and the color of object on phase unwrapping.
The combined Gray code phase unwrapping method is mainly divided into two steps: (1) First, the combined Gray code pattern sequence of the deformation is captured by the camera, and the Gray code pattern is calculated. (2) Converting the Gray code pattern into a code-word that can be used for calculation, and unwrap phase.
1) GRAY CODE PATTERN CALCULATION BASED ON COMBINED GRAY CODE
With n-bit Gray code coding (this is 4 bits), it can form 2n code-words, and 2n composite Gray code patterns will be designed. Fig. 5 shows the combined Gray code pattern of n=4, which is divided into four groups. Fig. 5 
is a projection pattern of the ordinary Gray code method. In order to solve the effect of defocus on the ordinary Gray code method, Fig. 5 (a) (c) (e) (g) is generated by Fig. 5(b) (d) (f) (h) pixel flipping. Because the combined Gray code method requires one more calculation than the normal Gray code method, and To verify the effect of defocus on the Gray code patterns, a comparison experiment is performed using a projection map and a defocus map of a common binary pattern. The projection pattern of the binary pattern and the defocused pattern captured by the camera are shown in Fig. 6 (a) and (b), respectively. A partial part of the projected pattern and the defocused pattern are presented in Fig. 6(c) and (d) , respectively. It is obvious that the projector defocus blurs the pattern, especially in the area where the pixel changes. Accordingly, the pixel variation boundary could not be distinguished by a simple threshold. This is the reason why the Gray code method could not be combined with the binary defocus technique.
Consider that defocus is in the blurred region. This means that the pixel size after the image blurring depends on the pixel size around the coordinate. The combined Gray code method employs this fact to avoid the effect of defocus on the boundary and distinguish the boundary, accurately. Now, the image pixel variation boundary is distinguished by the following relations
where
Here, Zn is the nth combined gray code pattern, Z d is the pixel difference between a set of Gray code patterns. Since the processed image is an 8-bit image, the value 255 is used. ''actan'' is an arctangent function that distinguishes two cases where Zd (i, j) is greater than 0 and less than or equal to 0. It is convenient to find the threshold to distinguish the two cases, and G n is the nth calculated Gray code pattern.
2) GRAY CODE PHASE UNWRAPPING
The solved Gray code sequences are G1, G2, G3, and G4, and may correspond to binary code sequences B1, B2, B3, and B4. The conversion relationship between the two is as shown in equation (9) .
where, ⊕ represents the Gray code sequence and the binary code sequence is XOR operation on each bit. Each bit in the binary code sequence is converted to a decimal code that can be used for calculation by a polynomial, and the formula is as shown in equation (10).
Here, k refers to the value after decoding, i is the sequence index, and n is the number of sequences.
The decoded k value is combined with the phase solved by the phase shift method, the absolute phase is solved by the formula (11) , and the phase unwrapping is completed. Fig. 8 shows the phase of the phase unwrapping.
Here, φ is the absolute phase, that is, the phase value after phase wrapping, and ϕ is the wrapped phase, ϕ is calculated by the phase shift method, the detailed calculation method can refer to the literature [1] . k is the combined Gray code decoding result, and i,j is the coordinate index of the pattern.
The phase can avoid the influence of the color of object. In this paper, the combined Gray code method is used to calculate the Gray code pattern by arctangent, and then converted into code-words that can be used for calculation by formulas (9) and (10) . Phase unwrapping is accomplished using the formula (11) in conjunction with the wrap phase. This method avoids interference from the color of the object. In addition, the method utilizes the characteristics of blurring of the defocusing area, and the image pixel values captured by the camera are defocused processed, and the ''1'' and ''0'' of the pixels are distinguished by the size comparison between the pixels, instead of using normal thresholds to distinguish pixels, which can avoid the effect of binary defocusing on phase unwrapping.
IV. EXRERIMENTAL RESUITS AND ANALYSIS A. HARDWARE SYSTEM
In order to verify the effect of the method presented in this paper. We built a hardware experiment system, as shown in Fig. 9 . The hardware system is mainly composed of a projector (MEGO-G3S-MAX) and a camera (MV-CA013-20UC). The role of the system is divided into two parts: (1) Defocus adaptive optimization part, the main purpose of this part is to obtain the corresponding optimal binary pattern for different defocus degree of the projector, mainly composed of hardware and software. The software part contains the optimization algorithm designed in this paper. Firstly, binary pattern is projected and defocused by the projector,, the camera synchronously captures the defocused binary pattern, and then the new binary pattern is obtained by Tabu Search optimized algorithm. In this loop, until the Tabu Search algorithm satisfies the termination condition, an optimal binary pattern is obtained, and Fig. 10(a) shows a system diagram of the defocus adaptive portion. (2) Digital binary phase shift three-dimensional measurement part, which mainly binary patterns are projected and defocused by the project, and the combined Gray code patterns projected by the projector, and the camera synchronously captures the defocused binary patterns and the combined Gray code patterns. Then, the depth information is obtained by the phase shift method combined with the combined Gray code method, as shown in Fig. 10(b) . 
B. STRENGTH AND PHASE ANALYSIS OF OPTIMIZED BINARY PATTERNS 1) The strength and phase analysis of simulated optimized binary patterns
We first performed defocus simulation on the binary patterns with various widths generated by Bayer dithering technique, error-diffusion technique and Tabu Search optimization algorithm. This paper uses a Gaussian filter (for example, 5 * 5 with a standard deviation of 5/3 pixels) to simulate the defocusing effect of the projector. Figure 11 shows an example (pixel period is 20). Figure 11(a) shows the ideal sinusoidal fringe pattern. The left half of Figures 11(b)-(d) show the binary pattern generated by Bayer dithering, error-diffusion and Tabu Search algorithm, and the right half shows the blurred smooth patterns. As can be seen from Fig. 11 , the binary pattern generated by the Tabu Search algorithm is closer to the ideal sinusoidal fringe pattern with respect to the binary pattern generated by Bayer dithering and error-diffusion.
In order to more closely compare the quality of the binary pattern generated by the three methods, we extracted the cross-sectional intensity value of the defocused binary pattern and the intensity difference from the ideal sinusoidal stripe pattern. For the sake of brief description, in the following diagram, ''TS'' is used to indicate the tabu search algorithm, ''Error diff'' is the error diffusion algorithm, and ''Bayer'' is the Bayer jitter algorithm. Fig. 12(a) shows the crosssectional aspect ratio of these smooth patterns. The tabu search defocus pattern has a smaller gap than the ideal sine stripe pattern. Fig. 12(b) shows the defocused sine and ideal sine generated by the three methods. The difference in intensity is apparently closer to the ideal sinusoidal fringe pattern after defocusing by the binary pattern produced by the tabu search.
Since the quality of DFP's 3D measurement strongly depends on phase quality, the four-step phase shift method is employed to obtain the phase difference between the defocused binary pattern obtained with three different ways and the desired sinusoidal stripe pattern. The comparison results are presented in Fig. 12(c) .
Because the quality of DFP's 3D measurement is heavily dependent on phase quality, we also use the four-step phase shift method to obtain the phase difference between the defocused binary pattern and the ideal sinusoidal stripe pattern obtained in three ways, Fig. 12 (c) Show their comparison results. It can be seen from Fig. 12(c) that the tabu search algorithm is superior to Bayer dithering and error-diffusion techniques in different edge widths, and the error-diffusion is also significantly better than Bayer dithering. It is also worth noting that when the fringes are narrow, both Bayer dithering and error-diffusion techniques show large errors, so the tabu search method performs well even when the fringes are relatively dense.
2) EXPERIMENTAL PHASE ANALYSIS OF OPTIMIZED BINARY PATTERNS
The method proposed in this paper is verified by a digital binary phase shift 3D measurement system. We use a method of measuring a flat white surface to verify the simulation results. We capture the deformation pictures of Bayer dithering, error-diffusion technique and tabu search optimization algorithm, and calculate the phase by four-step phase shift combined with the Gray code method. Comparisons were made in three cases of near focus, slight defocus, and strong defocus. Since the degree of defocus of the projector cannot be accurately controlled numerically, the three levels of almost focus, light defocus, and strong defocus are only approximate. For these experiments, the projector and camera remain unchanged.
The absolute phase obtained by the Bayer dithering, error-diffusion and tabu search methods is compared to the absolute phase obtained from the ideal sinusoidal pattern. Figs. 13(a)-(c) show the difference between absolute phase of the three methods and the ideal absolute phase in the case of almost focus, slight defocus, and strong defocus. As can be seen from Fig. 13 , the three methods performed better than slight defocus and almost focus when strongly defocused. Obvious tabu search has a lower phase error than the errordiffusion and Bayer dithering, which is closer to the ideal sinusoidal phase, and the error-diffusion is also significantly better than the Bayer dithering technique.
C. PHASE UNWRAPPING ANALYSIS BASED ON COMBINED GRAY CODE PATTERN
In order to verify the combined Gray code method can avoid the effect of binary defocus technology and the color of object on phase unwrapping, we have experimentally verified the gray object and colored object, and compared the cross-section of decoding results of the combined Gray code method and the normal Gray code method. The crosssectional aspect ratio of the decoding result refers to putting the wrap phase and the decoding result together, mainly comparing whether the decoding result is consistent with the wrap phase period, and if not, decoding errors.
1) PHASE UNWRAPPING ANALYSIS OF THE GRAY OBJECTS BASED ON THE COMBINED GRAY CODE PATTERN
We use the combined Gray code method and the normal Gray code method to unwrap phase with the same gray object in defocusing condition, so as to verify the combined Gray code method can avoid the influence of binary defocus technology. Fig. 14(a) shows the combined Gray code patterns captured by the camera. The order from top left to bottom right is the order in which the combined Gray code is projected. Fig. 14(b) shows the normal Gray code pattern captured by the camera, from left to right in the order of the normal Gray code projection. Fig. 15(a) shows the Gray code pattern calculated by the combined Gray code method, and Fig. 15(b) shows the Gray code pattern distinguished from the normal Gray deformation pattern by a simple threshold. There is no obvious difference between the two. We calculate the decoding results of the two methods by equations (10) and (11) , and Fig. 16(a) shows the grayscale patterns of the object to correspond to the decoding result. Fig. 16(b) and (c) show the decoding results of the combined Gray code method and the normal Gray code method, which are almost indistinguishable.
In order to more closely compare the decoding results of the two methods, we performed a cross-sectional aspect ratio to confirm whether the decoding result meets the period value of the wrap phase. Fig. 17 shows the cross-sectional aspect of the decoding result of the combined Gray code method and the normal Gray code method in measuring gray objects. As can be seen from Fig. 17 , the normal Gray code method has a large decoding error in the case of defocusing. Mainly in the boundary region, the decoding result and the wrap phase period have a large difference, which is mainly because the normal Gray code pattern has a large gray scale change caused by defocus in the boundary region, and simple threshold discrimination will lead to decoding error. The decoding result of the combined Gray code method is exactly the same as the wrap period, and the decoding task can be completed accurately. This shows that the combined Gray code method proposed in this paper can accurately decode and avoid interference caused by binary defocus technology.
2) PHASE UNWRAPPING ANALYSIS OF COLORED OBJECTS BASED ON THE COMBINED GRAY CODE METHOD
We use the combined Gray code method and the normal Gray code method to unwrap phase with the colored objects in the defocusing condition to verify that the combined Gray code method can avoid the influence of the color of object. Fig. 18(a) shows a combined Gray code deformation pattern captured by the camera when the blue book is measured, and Fig. 18(b) shows the normal Gray code deformation pattern captured by the camera.
Comparing the Gray code patterns calculated by the two methods, Fig. 19(a) shows the Gray code pattern calculated by the combined Gray code method, and Fig. 19(b) shows the Gray code pattern distinguished from the normal Gray code pattern by simple threshold. It can be seen that there is a big difference between the two in the blue book area.
We calculate the decoding results of the two methods by equations (10) and (11) . Fig. 20(a) of errors. The decoding result of the combined Gray code is not affected by the color of the book, and the decoding is accurately completed.
In order to compare the decoding results of the two methods in more detail, we compare the cross sections of the decoded results and put the cross section and the wrapping phase together to verify whether the decoding results of the two methods are consistent with the wrapped phase period values. Fig. 21 shows the comparison results. It can be seen from Fig. 21 that the normal Gray code method cannot calculate the exact code-words because of the superposition of the color of object and the Gray code when measuring the colored object, and there is a large decoding error, and the defocus of the projector also causes the code-words and wrap phase period of the normal Gray code cannot correspond. The combined Gray code method can avoid interference of color, and the period values of the code-words and the wrap phase are consistent, and the phase unwrapping task is accurately completed. This shows that the combined Gray code method proposed in this paper effectively avoids the interference of object color, and can complete phase unwrapping with binary defocus technology.
3) QUANTIZATION EXPERIMENT OF PHASE UNWRAPPING BASED ON THE COMBINED GRAY CODE METHOD
In order to compare the difference between the combined Gray code method and the normal Gray code method in more detail, we measured 10 sets of gray objects and colored objects, and calculated the bit error rate using equation (12) , and the average bit error rate results of 10 groups of experiments. As shown in Table 1 . p = n e n t =
Here, p is the bit error rate, n e is the degree of error in decoding the wrong pixel, n t is the total number of pixels, m, n is the length and width of the image, i, j is the coordinate index of the image, k is the decoded value, ϕ t is the period value of the wrapped phase.
As can be seen from Table 1 , the normal Gray code method has a very large error rate when measuring colored objects. The proposed combined Gray code method is much lower than the normal Gray code method when measuring grayscale objects or colored objects, and the bit error rate is close to zero. It is verified that the combined Gray code method can better complete the phase unwrapping task.
D. COMPARISON OF THE 3D RECONSTRUCTION SHAPE RESULTS
1) ACCURACY COMPARISON OF 3D MEASUREMENT RESULTS
In order to verify that the Tabu Search optimization algorithm proposed in this paper can improve the three-dimensional measurement quality of DFP techniques, we use a threedimensional measurement plane whiteboard and use the measured depth data to fit a plane as accurate depth information. The combined plane has the smallest error. Then, the mean square error of the depth information of the entire plane and the depth information of the fitting plane is calculated as an error of the three-dimensional measurement. Bayer dithering, error-diffusion, four-step phase shift, and Tabu Search algorithm were performed under the same conditions, and different depths (1-1.8 m) were compared. Fig. 22 shows the experimental results.
It can be seen from Fig. 22 that the three-dimensional measurement error of the binary pattern generated by the error-diffusion technique is smaller than the Bayer dithering, and the four-step phase shift is better than the error-diffusion technique. The tabu search optimization algorithm proposed in this paper has the best results with minimal measurement error at each depth distance. It is worth noting that the measurement error of the four methods when the depth is small is smaller than the depth, that is, the greater the depth, the accuracy of the measurement will be reduced.
2) COMPARISON OF 3D MEASUREMENT RESULTS
We also measured more complex 3D gray sculptures to compare these methods. Fig. 23(a) shows David's head. Fig. 23 (b)(c)(e) respectively show the results of threedimensional measurement of the binary patterns generated by Bayer dithering, error-diffusion and Tabu Search algorithm, and Fig. 23(d) shows the three-dimensional measurement result of the four-step phase shift method. As can be seen from Fig. 23 , the three-dimensional measurement results of Bayer dithering are the worst, with obvious deep convex portions and a very rough surface. The three-dimensional measurement results of error-diffusion are significantly better than the three-dimensional measurement results of Bayer dithering. The measurement results of the four-step phase shift method are better than error-diffusion and Bayer dithering. The threedimensional measurement results of the Tabu Search algorithm are optimal, the surface is smoother, there is no obvious rough part, and the outline is clearer.
In order to compare these methods in more detail, we measured a blue denim. Fig. 24 (a) shows a color image of a blue denim. Fig. 24 (b)(c)(e) shows the results of threedimensional measurement of the binary patterns generated by Bayer dithering, error-diffusion and tabu search, and Fig. 24(d) shows the three-dimensional measurement result of the four-step phase shift method. It is worth noting that the four-step phase shift method also uses the combined Gray code method to phase unwrapping to avoid the influence of the color of the object on the measurement results. It can be seen from Fig. 24 that the result is consistent with the measurement of the gray object David, and the threedimensional measurement result of Bayer dithering is the worst, and the surface has a relatively obvious unevenness, which is very rough. The three-dimensional measurement results of error-diffusion are significantly better than the three-dimensional measurement results of Bayer dithering. The measurement results of the four-step phase shift method are better than error-diffusion and Bayer dithering. The threedimensional measurement results of the Tabu Search algorithm are optimal, the three-dimensional measurement results are smoother, and the contour is clearer.
V. SUMMARY
Firstly, this paper proposes a Tabu Search optimization algorithm, which can generate high-quality binary patterns, then the projector defocus, and relies on the phase shift method to obtain the wrap phase, which can avoid phase error caused by the gamma effect. By using this algorithm, the difference between the defocused binary patterns and the ideal sinusoidal patterns can be reduced, thereby reducing the phase error and improving the three-dimensional measurement quality of DFP techniques. Secondly, in order to obtain the optimal binary pattern for different defocus degrees, a defocus adaptive optimization system is built. Finally, this paper designs a combined Gray code method instead of the normal Gray code method. The combined Gray code method not only reduces the decoding error caused by the defocusing of the Gray code patterns, but also can complete the phase unwrapping with the binary defocus technology. Moreover, it can effectively reduce the sensitivity of the phase unwrapping process to the color of the object, and can accurately perform three-dimensional measurement of the colored object. The above algorithms and schemes have been systematically tested by hardware. The experimental results also show that the proposed method can improve the threedimensional measurement results of DFP techniques, reduce measurement error and improve robustness.
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